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We report X-ray irradiation-induced carrier doping effects on the electrical conductivity in
the organic dimer-Mott insulators κ-(ET)2X with X = Cu[N(CN)2]Cl and Cu2(CN)3. For
κ-(ET)2Cu[N(CN)2]Cl, we have observed a large decrease of the resistivity by 40 % with the
irradiation at 300 K and the metal-like temperature dependence down to about 50 K. The
irradiation-induced defects expected at the donor molecule sites might cause a local imbalance
of the charge transfer in the crystal. Such molecular defects result in the effective doping of
carriers into the half-filled dimer-Mott insulators.
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A metal - insulator (MI) transition has been one of
the central issues in strongly correlated electron sys-
tem. Among the various types of the MI transitions,
the Mott transition has been the most attractive phe-
nomenon arising from the electron-electron interactions
in a wide range of materials.1) A Mott insulator derives
from the large Coulomb repulsion energy U in compari-
son with the band width W . Two different types of the
Mott transitions exist: one can change the strength of the
interaction U/W with keeping the carrier-filling its com-
mensurate value, referred to as a band-width controlled
Mott transition, and one can introduce carriers to the
commensurate density with keeping the strength of the
interaction constant, referred to as a band-filling con-
trolled one. The former case, for example, can be seen
in vanadium oxides and molecular conductors and the
latter in high-Tc copper oxides.
Organic charge transfer salts based on the
donor molecule BEDT-TTF, bis(ethylenedithio)-
tetrathiafulvalene abbreviated ET, have been recognized
as one of the highly correlated electron system.2) Among
them, κ-(ET)2X with X = Cu(NCS)2, Cu[N(CN)2]Y
(Y = Br and Cl), Cu2(CN)3, etc. has attracted consid-
erable attention from the point of view of a strongly
correlated quasi-two-dimensional electron system be-
cause the strong dimer structure consisting of two
ET molecules makes the conduction band close to
half-filled with the effective Coulomb energy Ueff on
the dimer.2–4) Furthermore softness of the lattice with
high compressibility enables us to modulate the band
width easily by small physical and chemical pressures
with keeping the band-filling unchanged.5–7) Thus the
κ-(ET)2X system has been considered to be one of the
typical band-width controlled Mott systems.
The modulation of the band-filling has been actively
examined for the molecular materials because the carrier
doping into the insulators and also into the conductors
must be important to tune the electronic functions. A
carrier injection by the field effect technique has been
extensively studied in the organic crystals for aiming at
the future electronic devices.8) Another way to control
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the band-filling particularly in the charge transfer salt is
the chemical synthesis for making the salt with nonsto-
ichiometric composition.9) But this chemical approach
usually cannot control the composition arbitrarily.
The irradiation can modify the crystalline proper-
ties of molecular materials by the electronic excitation
and/or collisions with accelerated ions.10) The irradia-
tion effects have been studied for the organic materi-
als from both viewpoints of the molecular defects and
its relation to carrier scatterings.11, 12) Recently from X-
ray irradiation studies for the organic superconductor κ-
(ET)2Cu(NCS)2, Analytis et al. claimed the unconven-
tional superconductivity with the large reduction of Tc
by the irradiation-induced non-magnetic defects.13) More
interestingly their experiments showed a substantial de-
crease of the resistivity in the high temperature region.
As they claimed a violation of the Matthiessen’s rule at
high temperatures, this observation contradicted a naive
idea for the transport properties in the case of increasing
the carrier scattering by the defects. The similar anoma-
lous resistive behavior in the superconducting κ-(ET)2X
at high temperatures has been discussed with the rela-
tion to the sample quality.14)
In this letter we report X-ray irradiation effects on the
transport properties in the organic dimer-Mott insula-
tors κ-(ET)2X . The expected defects at donor molecule
sites might cause a local imbalance of the charge transfer
between ET donor and anion X molecules. Such molec-
ular defects result in the effective carrier doping into the
half-filled dimer-Mott insulators.
Single crystals of κ-(BETS)2FeCl4, κ-(ET)2X with
X = Cu(NCS)2, Cu[N(CN)2]Cl and Cu2(CN)3
were grown by the standard electrochemical oxi-
dation method, where BETS is bis(etylenedithio)-
tetraselenafulvalene. The in- and inter-plane resistivities
were measured by a dc four-terminal method. Samples
were irradiated at 300 K by using a non-filtered cop-
per or tungsten target with 40 kV and 20 mA. The dose
rate in the present experiments was expected to be about
0.5 MGy/hour following the comparison to the previous
report by Analytis et al.13) During the irradiation, the
resistivity was monitored as the irradiation time depen-
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Fig. 1. (Color online) The X-ray irradiation time dependence of
the in-plane resistivity at 300 K. Each resistivity curve is nor-
malized by the value before the irradiation. Copper and tung-
sten targets (40 kV, 20mA) are used for κ-(ET)2Cu2(CN)3, κ-
(ET)2Cu[N(CN)2]Cl (No. 2) and κ-(BETS)2FeCl4, and for κ-
(ET)2Cu(NCS)2 and κ-(ET)2Cu[N(CN)2]Cl (No.1), respectively
dence. After each step (5 - 7 days) of the irradiation, the
temperature dependence of the resistivity was measured
at the same cooling rate of −0.2 K/min in order to avoid
a structural disorder effect due to the fast cooling.15)
Figure 1 shows the irradiation time dependence of the
in-plane resistivity of the κ-type ET and BETS salts. In
all samples measured, the appearance of the sample sur-
face and the resistance of the electrical contacts did not
change with the irradiation. We have checked the repro-
ducibility of the results reported for the superconduct-
ing κ-(ET)2Cu(NCS)2.
13) We have quantitatively repro-
duced well their observations in the interlayer resistivity;
1) the decrease of Tc, 2) the increase of the residual resis-
tivity, 3) the reduction of the magnitude of the resistivity
broad peak around 100 K, and 4) the decrease of the re-
sistivity at high temperatures.
The results on the superconductivity by Analytis et
al.
13) have been explained on the basis of the pair break-
ing effect by non-magnetic impurity (defect) scatterings
in the non-s-wave superconductivity.16) The irradiation
defects, which serve as an additional source of elec-
tron scatterings to enhance the resistivity, can be con-
firmed also by the results in the organic conductor κ-
(BETS)2FeCl4. This salt has a smaller ratio Ueff/W in
comparison to the κ-type BEDT salts and then it is sit-
uated far from the Mott transition. The resistivity shows
a simple metallic behavior from room temperature down
to 2 K at least.17) After the irradiation for 110 hours,
the resistivity increases by 4 % at 300 K as shown in
Fig. 1, and the residual resistivity does by 26 %, which
is obtained by an extrapolation to 0 K by following an
observed T 2-dependence below 20 K (the results are not
shown here). Similar increase of the resistivity due to the
defects induced by the irradiation has been observed in
many other organic conductors.10, 12)
Analytis et al.13) proposed a defect-assisted interlayer
conduction channel model10) for the reduction of the
resistivity at high temperatures. This model expects a
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Fig. 2. (Color online) Temperature dependence of the in-plane
resistivity in (a) κ-(ET)2Cu[N(CN)2]Cl (No.1) and (b) κ-
(ET)2Cu2(CN)3. The time indicated at each curve is the total
irradiation time. The broken curve in Fig. 2(a) corresponds to
the data after total 620 hour irradiation. The inset in Fig.2 (b)
is the enlarged view of the data in high temperature region after
total 880 hour irradiation.
change of the anisotropy between in- and inter-plane re-
sistivity. We found, however, in the present study that
the anisotropy of about 100 at 300 K does not change
so much with increasing the radiation dose. This ob-
servation is not consistent with this model. We would
propose here that the decrease of the resistivity in κ-
(ET)2Cu(NCS)2 has the same origin with that in the
insulators as follows although the magnitudes are differ-
ent.
The Mott insulators of κ-(ET)2X with X =
Cu[N(CN)2]Cl (ref. 18) and Cu2(CN)3 (ref. 19) show a
remarkable reduction of the resistivity at 300 K in com-
parison with that in κ-(ET)2Cu(NCS)2. In both insula-
tors, the resistivity decreases rapidly in the initial irradi-
ation, and then tends to become saturated. After several
hundred hours irradiation, the resistivity takes a mini-
mum and turns to increase slightly. These features are
qualitatively same in both cases using the copper and
tungsten targets although the former contains character-
istic Kα radiation and the latter does not. Some differ-
ences of the resistivity are found in between steps of the
irradiation. Though the reason is not clear at present, it
may be an aging effect by the partial restoration of the
irradiation damages.
Figure 2 shows the temperature dependence of the in-
plane resistivity in (a) κ-(ET)2Cu[N(CN)2]Cl (No.1) and
(b) κ-(ET)2Cu2(CN)3. Before irradiation, both insula-
J. Phys. Soc. Jpn. Letter Author Name 3
tors show an activation type behavior of the resistivity as
has been reported so far.18, 19) With increasing the irradi-
ation dose, the resistivity decreases in the whole temper-
ature range. It is noted, moreover, that a metal-like tem-
perature dependence appears in κ-(ET)2Cu[N(CN)2]Cl
with rather small irradiation dose. The resistivity de-
creases sublinearly with lowering temperature down to
about 50 K, and then it turns to increase rapidly. The
temperature of about 50 K corresponds also to the char-
acteristic temperature in the non-irradiated sample at
which the activation energy obtained from the Arrhe-
nius plots of the resistivity changes as seen latter in the
inset of Fig. 3, and the charge gap found in the optical
measurements starts to grow.20) The temperature region
where the metal-like behavior is observed, however, does
not extend below 50 K with increasing the irradiation
dose. At last the sample irradiated for 620 hours turns
to show the increase of the resistivity at low temperatures
and concurrently the metal-like behavior of the resistiv-
ity becomes weak. As shown in Fig. 2(b), the resistivity
in κ-(ET)2Cu2(CN)3 decreases with the irradiation as
well. But it takes so much irradiation dose to observe
the metal-like behavior of the resistivity only in the nar-
row temperature region above about 230 K as shown in
the inset.
The observation of the large decrease and the metal-
like behavior of the resistivity in X-ray irradiated Mott
insulators leads us to a possible model that carriers are
introduced by the irradiation into the clean system with
a high carrier mobility µ. Here we simply consider the
electronic conduction as 1/ρ = σ = neµ, where n is the
carrier number and e is the electron charge. The resis-
tivity in the clean band insulator at finite temperatures
is described dominantly by the thermally activated car-
rier number with an energy gap ∆ as n ∝ exp(−∆/2kBT )
and the mobility determined by electron scatterings with
lattice vibrations should vary with temperature as T−3/2.
When additional carriers are doped into the sample, for
example, by doping the intrinsic semiconductors with the
impurity atoms having a different valence, the resistiv-
ity becomes decreasing with the amount of the intro-
duced carriers. This mechanism of carrier doping may
take place for the present X-ray irradiation effect in the
organic Mott insulators and also the organic supercon-
ductor having the semiconducting behavior at high tem-
perature region, which show the activation-type behav-
ior of ρ(T ) with small ∆ mentioned later. Once carri-
ers are introduced in addition to the thermally activated
ones, the temperature dependence of the resistivity must
not be so simple. The resistivity, however, in the sample
with enough high mobility has a tendency to follow the
temperature dependence of the mobility that increases
with lowering temperature. Thus the observed metal-
like behavior could be explained phenomenologically by
the temperature dependence of the mobility of the intro-
duced carriers, although the effect of the carrier doping
in the Mott insulators must not be so simple.1)
Let us then consider a possible process for introduc-
ing carriers into the Mott insulator by X-ray irradiation.
The X-ray irradiation to the organic material has been
considered to introduce the molecular defects which are
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Fig. 3. (Color online) Irradiation time dependence of the
activation energy in κ-(ET)2Cu[N(CN)2]Cl (No.1) and κ-
(ET)2Cu2(CN)3. Broken curves are guide for eyes. Data points
indicated as a, b, c and d correspond to the resistivity curves in
the Arrhenius plots of the inset.
radiolysed by ionizing radiation.10) This kind of molec-
ular defects permanently remains, while the irradiation
damage in inorganic materials in general is only due to
atomic displacements which can be restored by a proper
heat treatment. It has been also known that the aver-
age volume of the molecular defect has been in the order
of one molecular volume. For the charge transfer salts
consisting of donors and accepters, it has not been clear
which molecules is damaged dominantly by the irradia-
tion. The irradiation effects on Tc, the residual resistivity
and other electronic properties should suggest that the
donor molecules, i.e. ET in the present case, are damaged
dominantly. When one ET molecule in the charge trans-
fer salt of (ET)2X is chemically damaged and converted
to an alternate stuff with different valence from the pris-
tine value of +0.5, the average carrier number should
change from the value of one hole per two ET molecules.
In the metal with the quarter-filled band, the induced
damage will result in the increase of the scatterings, and
the influence of the slight change of the averaged carrier
number will not be so significant that the qualitative
electronic property does not change. In the insulators,
however, such kinds of carrier doping must change the
transport properties drastically, which is similar to the
doped semiconductors. Moreover the qualitative alterna-
tion over the simple carrier doping may be expected in
the present dimer-Mott insulators because the strongly
correlated circumstance with the half-filled band is based
on the strong ET dimer structure with one hole per one
dimer. The irradiation-induced ET defects must alter not
only the carrier number but also the magnitude of Ueff on
the average in the crystal because U on the ET molecule,
the transfer energy t, the Coulomb interaction between
neighboring site V , and the screening effect by the car-
riers are modified around the defect sites locally. This
point must be different from the carrier doping with im-
purities to a band insulator.
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Figure 3 shows the variation of the activation en-
ergy at low temperatures with the irradiation time in κ-
(ET)2Cu[N(CN)2]Cl (No.1) and κ-(ET)2Cu2(CN)3. The
activation energy ∆ is obtained from the Arrhenius plot,
as shown in the inset, assuming the simple form as
ρ(T ) ∝ exp(∆/2kBT ) at T < 30 K and T < 100 K
in κ-(ET)2Cu[N(CN)2]Cl (No.1) and κ-(ET)2Cu2(CN)3,
respectively. The resistivity curves are not perfectly fit-
ted to this plot as shown by the broken straight lines es-
pecially in κ-(ET)2Cu2(CN)3,
21) but here the activation
energy is deduced from the simple line fitting in order to
evaluate the irradiation effect. It is noted that the resis-
tivity of the irradiated κ-(ET)2Cu[N(CN)2]Cl shows the
Arrhenius-type behavior rather than the localization one.
This is probably because the present irradiation dose is
much lower than the disorder level causing the localiza-
tion.
The activation energies decrease rapidly to 25 % and
40 % of the initial values in κ-(ET)2Cu[N(CN)2]Cl (No.1)
and κ-(ET)2Cu2(CN)3, respectively, and then they stay
constant. One explanation for the decrease of the activa-
tion energy is the formation of the impurity level induced
by the defects in the charge gap between the Hubbard
bands. Another is a slight modification of Ueff and/or
t by the defect in the dimer. The charge gap ≃ 0.1 eV
has been found in κ-(ET)2Cu[N(CN)2]Cl below 50 K,
20)
which is smaller than Ueff ≃ 0.4 - 0.5 eV.
2–4) The ac-
tivation gap could be comparable in magnitude to the
charge gap. The local defects in the dimers might reduce
Ueff on the average in the crystal due to the screening ef-
fect by the carriers. Then the change of Ueff leads to the
reduction of the activation energy through the charge
gap. The preliminary magnetic susceptibility measure-
ments in the irradiated κ-(ET)2Cu[N(CN)2]Cl show the
increase of the Ne´el temperature TN from 27 K before ir-
radiation22) to 29 K, which results will be published else-
where.23) The observed increase of TN may suggest the
enhancement of the exchange interaction J . This may
result from the change of Ueff and/or t through the sim-
ple relation J ∝ t2/Ueff . At present we cannot conclude,
however, which scenario may be a better description for
the observations. Spectroscopic studies like as the optical
conductivity in addition to evaluate the carrier number
by the Hall effect measurement as well will be important
in future to understand the modification of the electronic
state by the irradiation.
The magnetic property in the irradiated κ-
(ET)2Cu2(CN)3 is also interesting. This Mott insulator
has been expected to possess the spin liquid state at
low temperature due to the large spin frustration in
the triangular lattice.24) The local defects will work as
the symmetry-breaking site in the triangular lattice,
partially breaking the spin liquid.25)
Finally, we would like to comment on the resistiv-
ity behavior at high temperatures in the supercon-
ductors κ-(BEDT-TTF)2X with X = Cu(NCS)2 and
Cu[N(CN)2]Br. A variety of the temperature dependence
of the resistivity has been reported so far.14) The origin
of the difference has been discussed on the correlation
with the sample quality from several points of view.14)
This suggests that the difference of the crystal growth
conditions, for example, purity of chemicals, type of the
solvents, crystal growth temperature, etc., may intro-
duce different amount of defects in the as-grown crystals.
Such the defects in the as-grown crystals may suppress
the semiconducting behavior at high temperatures as de-
duced from the present X-ray irradiation study and also
by Analytis et al.13) The clean and defects-free sample is
expected to show the clear semiconducting behavior at
high temperatures. In order to make these points clear, it
is necessary to evaluate the effect of the impurities and
defects derived from different sources on the transport
properties.
In conclusion, we demonstrate the carrier doping ef-
fects to the organic dimer-Mott insulators κ-(ET)2X in
the process of X-ray irradiation. The irradiation-induced
molecular defects result in the effective carrier doping
into the half-filled dimer-Mott insulators. In addition to
the introduction of carriers, the effective Coulomb energy
may be modulated in the dimer-Mott insulator system.
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